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MRPS (ABCC11) is a recently identified cDNA that has 
been assigned to the multidrug resistance-associated 
protein (MRP) family of ATP-binding cassette transport- 
ers, but its functional characteristics have not been de- 
termined. Here we examine the functional properties of 
the protein using transfer ted LLC-PKl cells. It is shown 
that ectopic expression of MRPS reduces basal intracel- 
lular levels of cAMP and cGMP and enhances cellular 
extrusion of cyclic nucleotides in the presence or ab- 
sence of stimulation with forskolin or S1N-1A. Analysis 
of the sensitivity of MRPS-over expressing cells revealed 
that they are resistant to a range of clinically relevant 
nucleotide analogs, including the anticancer fluoropyri- 
midines 5'-fluorouracil (~3-fold), 5'-fluoro-2'-deoxyuri- 
dine (--Mold), and 5^fluOTo-5'-deoxyuridme (~3-fold), 
the anti-human immunodeficiency virus agent 2 r f 3 / - 
dideoxyoytidine (~6-fold) and the anti-hepatitis B agent 
y-(2'-phosphonyImethoxynyl)adeiime (PMEA) (~5-fold). 
By contrast, increased resistance was not observed for 
several natural product ohemotherapeutic agents. In ac- 
cord with the notion that MRP8 functions as a drug 
efflux pump for nucleotide analogs, MRPS-transfected 
cells exhibited reduced accumulation and increased ef- 
flux of radiolabeled PMEA, In addition, it is shown by 
the use of in vitro transport assays that MRP8 is able to 
confer resistance to fluoropyrimidines by mediating the 
MgATP-dependent transport of 5 '-fluoro -2 ' - deoxyuri- 
dine monophosphate, the cytotoxic intracellular metab- 
olite of this class of agents, but not of S'-fluorouracil or 
5 -11 uOrO-2 ' -dt'Oxy uridine. We conclude that MRP8 is an 
amphipathic anion transporter that is able to efflux 
cAMP and cG>i3P and to function as a resistance factor 
for commonly employed purine and pyrimidine nucleo- 
tide analogs. 



Cellular extrusion of cyclic nucleotides has been described in 
prokaiyotic and eukaryotic cells (1—4). This process provides 
extracellular cAMP involved in intercellular signaling, as de- 
termined for Dictyostelium discoideum> in which cAMP ef- 
fluxed by solitary amoebae under low nutrient conditions me- 
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diates cellular aggregation and differentiation, and has also 
been proposed as a potential mechanism that may contribute to 
the attenuation of intracellular signaling mediated by these 
second messengers (5). Investigations employing cultured cells 
and membrane vesicle preparations have established that cy- 
clic nucleotide efflux is energy-dependent, and the susceptibil- 
ity of this process to inhibition by antagonists of organic anion 
pumps indicates that it is mediated by amphipathic anion 
transporters (2, 3, 6-16). Recently, insights into the identities 
of the cellular components that mediate cyclic nucleotide efflux 
have come from studies of the MRP 1 family of ABC transport- 
ers. MRP4 and MRP5, two members of this extended family of 
amphipathic anion transporters (17), have been determined to 
be competent in the transport of cyclic nucleotides (18—20). By 
contrast, other characterized MRP family members are able to 
transport a variety of lipophilic anions, such as glutathione and 
glucuronic acid conjugates, but not cyclic nucleotides (17), In 
addition to its ability to efflux cyclic nucleotides, MRP4 is also 
able to mediate the transport of methotrexate, reduced folates, 
estradiol 17-/3-D-glucnronide andDHEAS (19, 21-23), and both 
MRP4 and MRPS have the facility for conferring resistance to 
certain purine nucleotide analogs, such as PMEA, an am- 
phipathic antiviral agent used in the treatment of hepatitis B 
infections, and 6-mercaptopurine, an anticancer nucleobase an- 
alog (21, 24, 25). 

MRP8, a newly identified cDNA, was recently assigned to the 
MRP family based upon analyses of its predicted protein (26- 
28). MRP8 resembles MKP4 and MRPS in that it lacks a third 
(N-terminal) membrane-spanning domain that is present in 
MEP1, MRP2, MEP3, MRP6, and MRP7. In addition, sequence 
comparisons with MRP family members indicate that it most 
closely resembles MKP5 (26, 27). These features suggest the 
possibility that MRP8 might represent a component of the 
efflux system for cyclic nucleotides. However, the functional 
properties of MRP8 have not been determined with respect to 
either its substrate selectivity or drug resistance capabilities. 
Here we examine the functional characteristics of MRPS in 
transfected LLC-PKl cells. It is demonstrated that MRP8 is an 
efflux pump for cAMP and cGMP and that it not only is capable 
of conferring resistance to the purine nucleotide analog PMEA 
but also has the ability to function as a resistance factor for 
fluoropyrimidines, a widely employed class of antineoplastic 
agents, and the anti-AlDS drug 2',3' -ffideoxycytidine. 



1 The abbreviations used ore: MRP, multidrug resistance- associated 
protein; ABC, ATP-binding cassette; PMEA, 9- C2-oh ofiphunylniBthcxy- 
nyl)adenine; bia-PQM-PMEA, bisCpivaloyloxymethyD-PMEA - ddC, 
^S'-didec^ytidine; 5-dFUrd, 5'-dBc^-5'-fluorouridine; 5-FdUMP, 
5^fluoro-2'-aeoxyuridinft monophosphate; B-FUra, S'-fluorouracil; 
&-PdUrd, 5'-ihioro-2'-deoxyuridine. 
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EXPERIMENTAL PROCEDURES 

Jtfafcra^PfflBis-POM-FMEA (2 Ci/mmol), PmS'-fluorour&cti (5- 
FUrsO (17.5 Ci/mmol), l*H]5Vuuc^2^deox)ruridine (5-FudK) (1S.9 CU 
mmol), and l^5'-fluoro-2'-detfi£yuridine B^monophoaphate (pHjS- 
FdUMP) (10.7 Ci/mmol) were purchased from Moravefc (Brea, CA). 
Unlabeled 2S3'-&deoxycytodine (ddC), S^aaid^'-deaiEyfhyimdine, 
5-FUra, &-FdUrd, $^fltaoro-5'-deoxyinidine (5-dFUrd), fi-tiiioguanine, 
2'-chloro-2'-deoiCyadenosinB, doxorubicin, paditaxel, and vincristine 
were obtained from Sigma. Etoposide waa obtained from Bristol-Myers 
Squibb Co. PMEA was obtained torn Gilead (Forest Citj, CA). 
Dideftxy-S'-thial-cytidine was provided by the National Institutes of 
Health AIDS program. Forfckolin and SIN-lA were obtained rrom the 
Sigma and Cayman Chemical (Ann Arbor, MI), respectively. 

Expression Vector Construction, Transfedion, andC<dl Culture— Two 
overlapping cDNA fragments that encode the MKP8 open reading 
"frame were prepared by FCR using rapid amplification of cDNA ends 
(RACE) ready prostate library (Stratagene, La JoILa, CA) and oligonu- 
cleotide primers derived from the reported sequence (26) and were 
assembled into Blueacript SK(-) (Stratagene). The predicted coding 
sequence was identical to that reported by Bexxa et al (26). The MRPS 
cDNA was inserted into pcDNAS.l GnvitrogGn) to create pcDNA-MRPfl. 
LLC-PK1 cells grown in M19S medium supplemented with 10% fetal 
bovine aerum were electroporatcd with 10 fig of pcDNA-Mjypa or pa- 
rental plaarnid, and G4l8-resistant colonies were isolated. For expres- 
sion in insect cells the MRPS coding- sequence was inserted into 
PVL1392, and production of baculovirus and infection of insect cells 
were accomplished according: to the manufacturer's directions 
(Pharmimjen). 

Generation of MRP8 Polyclonal Antibody and ImmvJiobht Analy- 
sis—A cDNA fragment encoding amino acids 745-604 of MRPS was 
inserted downstream of the glutathione ^-transferase coding sequence 
in PGEX2T, and the fusion protein was purified by the use of giutathi- 
one-Sepharose beads (Amersham Biosciences)- Rabbits were immu- 
nized with the fusion protein, and the specificity of the resulting anti- 
sera was confirmed by immunoblot analysis of cellular lysates prepared 
from insect cells infected with MRPS baculovirus. Proteins were sepa- 
rated by 8% SDS-PAGE and electrotransferred to nitrDcalluloaa filters 
using a wet transfer system as described previously (29, 30). MKP8 was 
detected using polyclonal MRP8 antibody (1:500) and horseradish per- 
□oddase-conjugated antibody (Amersham Biosciences). 

Measurement of Cyclic AMP and Cyclic QMP — cAMP was measured 
with the cAMP enzyme iromunoassay system (Ameraham Biofldencea) 

according to the manufacturer'a reoo-m m endatio ns. Cells were plated in 
triplicate at a density of 8000 cells/well in 96-weH plates. The foflcrvring 
day cells were ly s ed, and an aliquot was transferred to a second plate lor 
the measurement of cAMP. For stimulation experiments, cells were 
treated with 50 /*M forslcolin, and cAMP meaaurements were performed 
at various time points over a 60-min time period. Extracellular cAMP 
was determined by subtracting intracellular cAMP from total (com- 
bined intracellular •** extracellular) cAMP. cGMP levels were aimilarly 
measured using the cGMP enzyme immunoassay system (EIA, Amer- 
aham Biosciences), except that stimulation was accomplished using 50 
jimSIN-IA. 

Analysis of Drug Sensitivity — Drug sensitivity was analyzed by the 
use of a tetrazolium salt rmcrotiter plate assay (CellTiter 96 Cell Pro- 
liferation Assay, Fromega, Madison, WD- Cells were seeded at a density 
of 5000 cells/well in 96-weil dishes in complete medium, and drugs were 
added at various concentrations on the following day. Growth assays 
were performed after 72 h of growth in the presence of drugs. 

Accumulation and Efflux of ^HJbh-POM-PMBA— Tor accumulation 
experiments, cells were plated in triplicate at a density of 3 X 10 5 
cells/well in 6-well plates. The next day the cells were incubated with 1 
pM PHJbis-POM-FMEA for 2 h in complete growth medium, the me- 
dium was removed, and the cells were put on ice and washed three 
times with 2 ml of ice-cold phosphate-buffered saline. Trypsin solution 
(0-2 mj) was applied to the plates, and the cell suspension was added to 
4 ml of scintillation fluid. For efflux experiments, cells were plated in 
triplicate in 12-weU plates at a density of 1 X 10 s cells/well, the next 
day drug accumulation was accomplished by growth for 2 h in ATP- 
depletion medium consisting of glucose-free, pyruvate-free Dulbecco's 
modified Eagle's medium (Iavitrogan) containing 10% fetal bovine se- 
rum, 10 mu deoxyglucose, 1Q mM sodium azide, and 1 jiM PHIbia-POM- 
PMEA. After accumulation, the cells were washed quickly with phos- 
phate-buffered saline, and Incubated with prewarmed complete 
medium lacking drug. Auquob of medium were obtained over a 2-h 
efflux period. 

Preparation of Membrane Vesicle^ and Transport Experiment* — 
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FiO. 1. Immurioblot detection of In transfected LLC-PKl 
cells. Cell lysates were prepared from IXC-PKl cells transfected with 
parental plaarnid (lane I) or MRPS expression vector {lanes 2-4). Pro- 
teins (50 jig/lane) were resolved by SD 3 -poly acryl amide gel electro- 
phoresia on &% gels, electro transferred to nitrocellulose membranes, 
and incubated with MRPS polyclonal antibody. The sizes of molecular 
weight standards (in kilodaltgns) and the location of MRPS 
are indicated. 

Table I 

Intracellular cAMP levels in MRPS-trawfrcud LLC-PK1 cells 

Intracellular cAMP levels in UUC-FKl cells transfected with parental 
vector or with MHP8 expression -vector were measured in the absence of 
stimulation or after 30 rnin of stimulation with 50 forskolin as 
described under "Experimental Procedures * The ▼aluea shown repre- 
sent means ± S.E. of six independent experiments, each performed in 
triplicate. 



Treatment 


UC-PKl-pcDNA 


LLC-FK1-MRPB-1 


LLC-PKl-MKPS-a 




smoVlff cello 


pmctlflQ* tdiu 


pmol/10 6 cells 


None 


6.6 ± 3.1 


4.7 ± 2.1* 


4.3 ± 2.7* 


Forskolin 


210 ± 110 


13a ± w 


173 i 98* 



* Values are significantly different (p < 0.0B) from the rarreaponding 
control transfectant T&luea as determined by the two-tailed nonpaxa- 
metric wllcoxon test. 

Membrane vesicles were prepared by the nitrogen cavitation method 
(31), and transport experiments were performed using the rapid filtra- 
tion method essentially as described previously (32). Transport exper- 
iments were carried out in medium containing membrane veaiclea (10 
fLg), 0.25 m sucrose, 10 mM Tris-HCl, pH 7.4, 10 mM MgCl^, 4 mM ATP, 
10 mu pho apho creatine, 100 #ig/ml creatine phosphokinase, and radio- 
labeled compounds - unlabeled compounds, in a total volume of 50 jul. 
Reactions were carried out at 37 °C and stopped by the addition Of 3 ml 
of ice-cold stop solution (0.25 m sucrose, 100 mMNaCI, 10 mM Tris-HCl, 
pH 74) Samples were passed through 0.22-^m Xtarapore membrane 
filters (Mulipore, Bedford, WO under vacuum. The niters were washed 
three times with S ml of ice-cold stop solution and dried at room 
temperature for 30 min. Rates of net ATP- dependent transport were 
determined by subtracting the values obtained in the presence of 4 mM 
AMP from those obtained in the presence of 4 mM ATP, 

RESULTS 

Ectopic Expression of MRPB in LLC-Pgl Cells— To charac- 
terize the functional properties of MRP8, a cellular model was 
generated by trnnsfecting LLC-PK1 cells with MRPS expres- 
sion vector. Immunoblot analysis indicated that MRPS protein 
was expressed in several of the resulting G41S-S elected clones, 
as indicated by the intensely Momunoreactive bands present in 
three clones transfected with MRPS vector, but not in the 
parental vector-transfected control cells (Fig, 1). The apparent 
molecular weight of MRPS (-170,000-190,000) was higher 
than its calculated molecular masa (154 kDa) and the apparent 
molecular weight of the protein expressed in insect cells 
(~155,000, data not shown), as would be expected for a glyco- 
sylated transmembrane protein. Two of these clones were se- 
lected for functional studies on MRPS. 

Cellular Efflux of Cyclic Nucleotides by MRP8 — To deter- 
mine whether MRPS is capable of extruding cyclic nucleotides 
from cells, intracellular cAMP levels were analyzed before and 
after stimulation with forskolin. Basal cAMP levels ia the 
MRPd^transfected cells were consistently lower than those of 
the parental vector control cells (Table D- The intracellular 
levels in LLC-PK1-MRPS-1 and IXC-PK1-MRP8-2 cells were 
4.7 ± 2.1 pmolAO 6 cells and 4*3 i 2.7 pmol/10 fl cells, respec- 
tively, in comparison with the control cells in which the level 
was 6.6 * 3.1 pmol/10 6 cells. These values corresponded to 
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FiG. 2. Time course of cAMP efflux following forskolin stimu- 
lation* Parental vector-tronsfected {open symbols) and MRPS-trans- 
facted LLC-PKl celU (closed $y?nl)Ql&, LLC-fKl-MKPa-l) were stimu- 
lated with SO jim forskolin, and the appearance of c AMP in the medium 
was measured as described under i| Experunental Procedures." Values 

are meailS — S.E. of n representative experiment performed in 

triplicate. 

reductions of 29 and 35% for LLC-PKl-MRPS-1 and LLC PKl- 
MRP8-2, respectively. Reduced cAMP levels were also observed 
for the MKPS-tranefected cells after stimulation with forskolin. 
After 30 min of stimulation with 50 /im forskolin, the cAMP 
levels in IAC-PK1-MRP3-1 and LLC-FK1-MRP8-2 were 34 and 
18% lower than the levels in control cells (Table I). 

Separate experiments were performed to analyze the appear- 
ance of cAMP in the medium following forskolin stimulation. 

Cellular extrusion was significantly greater for the MEPS- 
transfected cells at each of the time points examined (Fig. 2). At 
the 15-min time point, the cAMP levels in the medium of 
control and LLC-PK1-MKP9-1 cells were 42.9 and 108 pmol/10* 
cells, respectively. A comparable increment attributable to MRPS 
was present at the 45-min time point, at which time the extra- 
cellular cAMP level was 178 pmol/10 6 cells for LLC-PK1-MRP8-1 
in comparison with 6S-3 pmol/10 6 for the control cells. Hence, at 
the 15- and 45-min time points the cAMP levels were 2.5- and 
2.6-fold higher in the medium of the MKF8-transfected cells. 

To assess the capabilities of MRP8 with regard to cGMP, 
intracellular and extracellular levels were measured before 
and after stimulation with SEN-1A_ As shown in Table n, the 
intracellular cCMP levels were 2.0 ± 0.8 and 1.3 ± 0.6 pmol/ 
10 e cells, and the extracellular levels were 4-8 ± 1.8 and 5,0 ± 
1-2 pmol/10 6 cells, respectively, for control cells and LLC-FK1- 
MRP8-1 cells. Thus the intracellular and extracellular cGMP 
levels in MHPS-transfected cells were, respectively, 35% lower 
and 16% higher than control cells. Following 30 min of stimu- 
lation with SIN-lA; the intracellular cGMP levels were 9.0 ± 
4.5 and 5.1 ± 1.8 pmol/10* cell, and the extracellular levels 
were 26,1 ± 3,2 and 32.4 ± 5.1 pmol/10 6 cell, respectively, for 
the control cells and LLC-PK1-MRP8-1 cells (Table II). Hence, 
following stimulation, the intracellular cGMP level in LLC- 
PKl-MKPS-l cells was 43% lower than the control cells, and 
the extracellular levels were 24% higher than the control calls. 
In combination, these experiments showed that expression of 
MRP 8 results in consistent, but modest, depression in intracel- 
lular cAMP and cGMP levels, and enhancement of cyclic nu- 
cleotide extrusion. 

Analysis of the Drug Sensitivity of MRPS-transfectcd LLC- 
PKl Cells— MRPS-transfected cells exhibited increased resist- 
ance toward clinically relevant purine and pyrimidiae nucleo- 
tide analogs (Table III). LLC-PK1-MRF8-1 Cells were 5.4-fold 
resistant to the purine nucleotide analog PMEA but did not 
exhibit increased resistance toward three other purine nucleo- 



Table n 

Intracellular and extracellular cOMP levels of LLC-PK1-MRP8-Z C$ll$ 
Intracellular and extracellular cGMP levels in LLC-PKl cells trans- 
acted with parental vector or MR?B expression rector wexa measured 
in the absence of stimulation or after 30 min of stimulation with 60 mm 
SIN-lA as described under "Experimental Procedures." The values 
shown represent means 2 S.E. of six independent experiments, each 
performed in triplicate- 



Treatment 


LLC-PKl-pcENA 


LLC-PKl JKRFS-1 


Intracellular E*traedlvl&r 


Intracellular Extracellular 






pmctllQPctU* 


None 


2.0 - 0.8 4.3 ± 1.8 


1-3 ± 0.6" 5,0 ± 1.2° 


SOMA 


9.0 ± 4.6 26.1 ± 3.2 


5.1 ± 1.8' S2.4 i 5.1* 



fl Values are significantly different (p < 0.05) from the Corresponding 
control transfectant values as determined by the two-tailed nonpara- 
metric Wilcoocon test- 

Table HI 

Drug sensitivity analysis of MRP8- tranzfected LLC-PKl cells 

The drug senflitivitieg of LLC-PKl cells transfected with parental 

vector or MRP8 expression vector ware measured in 3-day growth 

assays as described under "Experimental Procedures.'' The IC E0 values 

are the drug concentrations that inhibited growth by 50% and represent 

means ± S.E. of at least four independent experiments, each performed 

in triplicate. Fold resistance is enumerated at the IC E0 Of LLC-PKl 

MRPS-1 divided by the IC E0 of the parental vector transfected control 

cell line. 6-TG, 6-thioguanine; CdA, 2'-chloiX)-2'^eoxyadenO£iriB, DCP, 

deoxyeoribmytin; STC, 2\3'-dideoxy-3'-thial-cytidine; AST, 3'-azido-3'- 

deo^thymidiney VCR, vincristine; BOX, daxorubicsn; ETOP, etopcaide, 

_ 





LLC-PKl-pcDNA 


LLC-PKl-MRPa-l 


-Fold resistance 










PMEA 


457 ±79 


2463 ±386 


5.4* 


6-TG 


500 ± 41 


546 ± 100 


1.1 


CdA 


8.1 ± 2.7 


8.2 tH 4.6 


L0 


DCF 


256 ± 52 


263 ± 50 


1.0 


STC 


869 ± 56 


1078 ±4$ 


1.4 


AZT 


507 ± 86 


639 ± 41 


1.3 


ddC 


a$4± 52 


2430 ± 155 


6.1° 


5-FUra 


s.s ± 3.0 


26.2 ± 12 


2.9° 


5JfdXJrd 


20.3 £ 9.0 


106 ± 39 


5-2° 


5-dFUrd 


29-0 it 8-6 


98.7 i 35 


3.4* 


VCR 


0.09 ± 0.01 


0 .10 ± 0 02 


LI 


Taxol 


0.35 ± 0.07 


0.37 ± 0.05 


1.1 


BOX 


OA2 ± 0.03 


0.45 nz 0.1 


LI 


ETOP 


0.92 ± 0.04 


1.21 ± 0-10 


1.2 



° Values are significantly different from the control tr&nsfectant (p < 
0.05) as determined by the nonparametric two-tailed Wilcoxon test. 



tide analogs, 6-thioguanine,. 2 '-chloro-2 '-deoxy adenosine, and 
deoxycorfomyew. In addition, LLC-PK1-MRP8-1 cells were 
6.1-fold resistant to the antiviral pyrimidine analog ddC and 
2.9-fold resistant to the anticancer pyrimidine analog 
5-FUra. Increased resistance was also observed for two other 
fluoropyrimidines of clinical sigrniicance, 5-FdUrd (5.2-fold), a 
ribosylated intracellular metabolite of 5-FUra, which like 
5-FUra is employed as an intravenous agent, and 5-dTUrd 
(3.4-fold), a metabolite of the oral fluoropyriirridine capecitab- 
ine, which is further metabolized in the cell to 5-FUra. Small 
decreases in the sensitivity of LLC-PK1-MRP8-1 cells were 
observed for the pyrimidine nucleotide analogs 2\3'-dideoxy- 
3'-thial-cytidine and 3 '-azido-3 '-deokythyiuidine, but these dif- 
ferences did not reach statistical significance. Representative 
growth curves for PMEA, ddC, and 5-FUra are shown in Fig. 3. 
Increased resistance was not detected for several natural prod- 
uct anticancer agents, including vincristine, paclitaxel, doxo- 
rubicin, and etoposide (Table HI). A similar drug resistance 
phenotype was observed for LLC-PKl-MRPS-2, which exhib- 
ited 5.6-, 7.1-, 4.1-, 3.2-, and 2.5-fold resistance toward PMEA, 
ddC, 5-FUra, 5-FudR, and 5-dFUrd, respectively (p values < 
0.05; data not shown). 
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Fig. 8. Sensitivity of MRPfi-tra^igfecW ana" parental veotor- 
transfected LLC-PK1 cells to PMEA, ddC, and tS-FUra. The sen- 
sitivity of parental vector-transfeeted (ppen squares) and MRPS-trans- 
fectcd LLC-PK1 cella {upr^ht triangles, LLC-FK1-MEP8-1; closed 
squares, LLC-FK1-MRF8-2) to PMEA (A), ddC (B), and 5-FUra (C) wag 
analyzed using the tetrazolium salt microtfter plate assay as described 
under "Expeximantal Procedures." Values are means — 8J3. of rcpre- 
sentatlVG experiments performed in triplicate- 

Analysis of PMEA Accumulation and Efflux — The effect of 
MRPS on the cellular kinetics of a representative agent was 
analyzed. To this end we employed bis-FOM-FMEA, an un- 
charged bio-ester prodrug of PMEA that is more effective than 
the parent compound in crossing; the plasma membrane (33). 
Once inside the cell the pivaloyloxymethyl moiety of bis-PQM- 
PMEA is cleaved to release free PMEA, LLC-FK1-MRP8-1 
exhibited reduced accumulation of [ a H]bis-POM-PMEA com- 
pared with parental vectcir-transfected cells (Fig. 4A). After 15 
min of incubation in growth medium containing 1 um pffjbia- 
POM-FMEA, drug accumulation in LLC-PK1^MEP8-1 cells 
was ~60% of the control cells. This difference in accumulation 
was maintained throughout the time course of the assay. Sep- 
arate efflux experiments were performed under conditions in 
which initial intracellular drug levels were comparable in the 
two cell lines, by fjrst allowing accumulation of 1 PHlbie- 
POM-PMEA to proceed under energy-depletion conditions. Fol- 
lowing a 2-h incubation period, the growth medium was re- 
placed with complete medium lacking drug, and efflux of 
radiolabeled drug into the medium was measured. As shown in 
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Fig. 4. Cellular accumulation and efflux of PH] bis -POM- 
PMEA- A, time course of accumulation of pHlbis-FOM-PMEA in pa- 
rental vector-tr&Dsfected (open symbols) and MRPS-transfected (closed 
symbol*, LLC-JftQ-MRPS-l) LLC-PK1 cells. Cells were incubated in 1 
nM PHlbia-POM-PMEA, and intracellular radioactivity was measured 
at various time points. B, time oourae of the efflux of radioactivity into 
medium. Parental vector-tran sfected LL£-FK1 cells and LLC-PKl- 
MKF8-1 cells -were incubated in the presence of 1 /am FH]bis-FOM- 
FMEA for 2 h under energy-depletion conditions as described under 
"Bsperiniental Procedures," and the medium was changed to complete 
medium lacking drug. Efflux of radioactivity into the medium was then 
measured at various time points. Values are means ± S.E. of repre- 
seni&trre experiments performed in triplicate. 

Fig. 4B, LLG-PK1-MRP8-1 exhibited enhanced drug efflux by 
comparison with the control cells. At the 2-h time point, efflux 
by the MRP8-transfected cells was 40% greater than the con- 
trol cells. 

Transport of 5 f -ffluoro-2 , 'deotyuridine Monophosphate— By 
contrast with cyclic nucleotides and PMEA, both of which are 
amphipathic anions, 5-FUra is an uncharged pyrimidine ana- 
log. The possibility that MRP8 confers resistance to this agent, 
as well as to 5-FdUrd and 5-dFUrd, by transporting 5-FdUMP, 
the anionic cytotoxic metabolite of these compounds as opposed 
to the parent compounds, was therefore considered. This was 
examined by analyzing the ability of the pump to transport 
5-FUra, 5-FudR, and 5-FdUMP into inside-out membrane ves- 
icles. As shown in Fig. 5, although membrane vesicles prepared 
from parental vector transfected cells were able to catalyze the 
MgATP-dependent transport of pH]5-FdUMP, an increment 
attributable to MRP8 was consistently observed. MgATP-de- 
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5-FdUMP 5-FUra 5-FdUrd 

Fig. 5. MgATP dependent uptake of PHJB'-fluorouracIl, [*H]5'- 
fluorod coxy uridine, and [^]5'-fluoro<lcosymidme monophos- 
phate into inside-out memhrwie vesicles. Membrane yesiclea (10 
prepared from parental vector-transfected LLC-FK1 cell* or LLC- 
FK1-MHPS-1 and LLC-FK1-MHP8-2 cells were incubated for 10 min at 
37 °G in uptake medium containing 4 mM ATP or 4 mM AMP and the 
indicated radiolabeled compounds. MgATP*dep indent uptake for 1 fiM 
pHtf-FdUMP, 1 FHJS-FUra, ori/iM [ a H]^FdUrd was calculated by 
subtracting the values obtained in transport medium containing 
MgAMP from the Tallies obtained in medium containing MgATP. Val- 
ues shown arc means ± S J3. of a representative experiment. This 
exrjeriment was repeated at lBast five times with, similar results. 

pendent uptake for LLC-PK1-MKP8-1 and LLC-PK1-MRP8-2 
was 15.4 and 21,0 pmOl/mg/IO min, respectively, whereas up- 
take for the control membranes was only 7.3 pmol/mg/10 min 
(Fig. 5), By Contrast, with [*HJo-FdUMP, MgATP-dependent 
uptake of pHJfr-tfUra and pEJS-FdUrd was negligible for both 
MRP8-enriched and control membrane vesicles. 

DISCUSSION 

In the present study the functional properties of MRP8 were 
analyzed by the use of transfected LLC-PK1 cells. In combina- 
tion, the results showing that MRPS is able to depress intra- 
cellular levels of cAMP and cGMP by enhancing cellular extru- 
sion, confer resistance to PMEA, and transport 6-FdU>lP 
provide the first evidence that this protein functions as a li- 
pophilic anion pump. These results indicate that the cellular 
extrusion of cyclic nucleotides, a phenomenon that has been 
well documented in numerous types of mammalian cells, is 
accomplished by a plasma membrane system that is composed 
of at least three pumps. Although its Substrates have yet be 
determined, the high degree of structural resemblance between 
MRP9 and MRP8 (27, 28) suggests that it may also participate 
in this process. 

Although cellular extrusion of cyclic nucleotides from mam- 
malian cells is a well established phenomenon, it has not been 
considered a major factor in attenuating the elevation of these 
second messengers consequent to the activation of cyclases. 
This process is thought to be mediated primarily by the action 
of phosphodiesterases, a view based upon the notion that an 
extremely rapid, high capacity System is required for the pre- 
cise time-sensitive signaling mediated by cyclic nucleotides. By 
comparison With the enzymatic breakdown of cyclic nucleotides 
by phosphodiesterases, cellular efflux is thought to be low 
capacity, and more importantly, relatively slow. The identifi- 
cation of efflux pumps capable of mediating this process (this 
study and Reft. Id and 19) has provided the molecular tools to 
investigate directly their involvement in these and related 
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Fiq. 6. Schematic diagram depleting the role played by MRPs 
in conferring cellular resistance to fhioropyrinudines. 5-FUra, 
5-FdUrd, and 6-dFUrd are converted to the cytotoxic intracellular me- 
tabolite 5-FdUMP. 5-FdUMP, in the presence of the reduced folate 
co factor 6,10-methyIene tetrahydrofolate, forms an inhibitory complex 
with firymidylate synthase (7*5), which blocks the de tiqdq synthesis of 
thymidine monophosphate. This block leads to depletion of thymidine 
pools required for DNA synthesis, and misincorporation of dTJTP info 
DNA consequent to elevated levels of this nucleotide. MRP8 is able to 
mediate the transport of 5-FdUMP. TP, thymidine phosphorylase; TK, 
thymidine kinase. 

processes. The results, showing that intracellular levels of 
cAMP and cGMP under basal or stimulated conditions were 
only modestly depressed (1.3-1.8-fold) by ectopic expression of 
MRP8, tend to support the view that efflux pumps are not 
potent attenuation factors, as do previous reports showing that 
ectopic expression of MRP4 and MKP5 is similarly associated 
with modest effects On intracellular cyclic nucleotide levels (34, 
35). These studies, in combination with measurements showing 
that the latter two pumps have reasonably high aflmities for 
cGMP, and in the case of MKP4, for cAMP (18, 19), suggest that 
it is the high, efficiency of the phosphodiesterase system that 
limits the impact of efflux pumps as opposed to the inability of 
pumps to function at physiological concentrations of these sec- 
ond messengers. Further Studies should help to determine the 
cinnimstdjaces and extent to which efflux pumps participate in 
intracellular cyclic nucleotide homeostasis and also to define 
their involvement in the physiological processes in which ex- 
truded cyclic nucleotides have been proposed as primary 
messengers. 

Analysis of the drug sensitivity of MRP8-transfected LLC- 
FKl cells showed that MRP8 is able to confer resistance to 
fluoropyrimidines, ddC, and PMEA. However, resistance to- 
ward 6-thwguanine, an agent that is part of the resistance 
profiles of MRP4 and MRP5, was not detected (Id, 25). Fluoro- 
pyrimidines, which are a mainstay in the treatment of colon 
cancer and are also active in breast and head and neck cancer, 
are among the most widely employed anticancer agents. The 
cytotoxicity of 5-FUra is mediated predominately by its intra- 
cellular metabolite, 5-FdUMP, which in combination with 5,10- 
methylene tetrabydrofolate forms a stable inhibitory complex 
with thymidylate synthase. The biochemical consequences of 
this block, depletion of thymidine nucleotides and build-up of 
dUTP, engender impaired DNA synthesis and misincorp ora- 
tion of uracil into DNA, respectively. Cellular resistance factors 
for fluoropyrimidines include increased expression of thymidy- 
late synthase, decreased expression of enzymes involved in 
metabolic activation, and increased expression of dUTPase 
(S6-41). Our results indicate that MRP8 is a potential clinical 
resistance factor for fluoropyrimidines and that it confers re- 
sistance to this class of agents by mediating the efHux of 
5-FdUMP, the intracellular cytotoxic metabolite of 5-FUra, 
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S-FudR, and the Oral fluoropyrimidine capecitabine (Fig. 6). 
The presence of significant levels of 6-PdtJMP transport by 
membranes prepared from control LLC-PKl cells (Fig. 6), in 
which MKP8 is barely detectable (Fig. 1), suggests that pumps 
other than MRPS may also be involved in this process. Al- 
though, to the best of our knowledge, increased efflux of jfluoro- 
pynmidine metabolites has not been described in drug-resis- 
tant cell lines, this potential mechanism warrants more 
detailed analysis in view of our findings. The ability of MRP8 to 
confer resistance to the anti-AIDS nucleotide analog ddC is also 
noteworthy. We infer that this activity is consequent to the 
efflux of the intracellular nucleotide metabolites of this agent, 
by analogy with the mechanisms by which MRF8 confers re- 
sistance to fluoropyrimi6Vi.es, and MRP4 and MRP5 confer 
resistance to and 6-mercaptopurine (42). Investigations of clin- 
ical resistance to ddC have focused primarily on mutations in 
the human immunodeficiency virus reverse transcriptase and 
alterations in the levels of cellular metaboUfciag enzymes (43). 
Our results suggest that cellular efflux is a potential clinical 
resistance for this agent. A recent study showing that a drug- 
resistant cell line in which ABCG2 (breast cancer resistance 
protein (BCRP)) is over-expressed id cxoss-resistant to 3'-azddo- 
3'-deoxythymidine suggests that ABC transporters that are not 
MRP family members may also be involved in resistance to this 
class of agents (44), although this remains to be confirmed in 
experiments using recombinant ABCG2. Analysis of the ex- 
pression of MKFS in clinical samples should help to determine 
its importance in clinical resistance to fluoropyrimidines, ddC, 
and the anti-hepatitis B agent PMEA. 
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